Multiple transport systems for L-aspartic acid exist in Streptomyces hydrogenans. The intracellular accumulation of L-aspartate against a concentration gradient was immediately inhibited by proton conductors, such as carbonyl cyanide p-trifluoromethoxyphenylhydrazone, 2,4-dinitrophenol or nigericin. Transport activity was gradually lost when inhibitors of protein synthesis were added. L-Aspartate transport had two pH optima at 6.5 and 4.5. At pH 6.5, two saturable transport components with different K m and Vmax values could be resolved by kinetic studies. A high-affinity system (system I) preferred the L-isomers of the anionic forms of aspartic and glutamic acid. At the same pH, a second, low-affinity system (system 11) operated, which was presumably less specific than system I and also able to accept, at high concentrations, neutral amino acids. At pH 4-5, the Lineweaver-Burk plot revealed only a single catalytic component, with Km and Vmax values similar to those of system 11. Again, in contrast to system I, this component showed high affinity for neutral amino acids. The data suggest that L-aspartic acid and L-glutamic acid are transported by this system as neutral zwitterionic molecules.
acids as possible (Ring, Gross & Heinz, 1970 ; Gross, Ring & Heinz, 1970) . After 20 min, the cells were centrifuged, washed once with cold buffer and suspended in the same buffer to the desired concentration (usually I to 2 mg dry cell mass per ml suspension).
BujTer solutions. For the transport experiments, 25 or 50 m-citric acid/Na,HPO, (McIlvaine's buffer) supplemented with I % (w/v) glucose and 25 m-KC1 was usually used (McIlvaine's K+-bufTer). The pH was adjusted as required. Uptake experiments. Amino-acid transport was assayed as described by Ring et al. (1976a) . Usually, 5 ml cell suspension in a 50 ml Erlenmeyer flask, equipped with a side-arm, was warmed to 30 "C in a shaking water bath; care was taken to supply sufficient oxygen during the preincubation procedure and the uptake experiment. The uptake was started by adding 14C-labelled amino acid (sp. act. about 80 pCi mmol-I) from the side-arm. At intervals, 2 ml samples were removed and membrane-filtered (SM I I 308 filter, 0.15 pm pore size; Sartorius). The filtrates were collected and the cells on the filter were washed twice with 2 ml buffer. The llters were placed in scintillation counting vials containing 3 mI absolute methanol, and 30 min later 12 ml scintillation fluid (Ring et al., 1976a) was added. After vigorous shaking the filter material dissolved completely. The samples were counted by liquid scintillation spectroscopy. Portions of the filtrates (200 pl) were treated in the same manner. Corrections for adsorption of radioactivity by the filter material were made for each amino acid.
Calculation of the results. The results are expressed as follows: relative uptake of radioactivity (Ru') = u',/a'f (ml g-l), where uJC = c.p.m. per g dry cell mass and a; = c.p.m. per ml extracellular fluid; absolute uptake rate (v) = Ru' x af (pmol g-l per unit time), where a, = pmol amino acid per ml suspension.
Preparation of cell-free extracts and separation of labelled pool components.
At intervals after adding 14C-labelled L-aspartate, cells were collected by filtering and washed once with buffer. The filters were immediately transferred to boiling water or ice-cold 5 % (w/v) HC104. After 5 min, the cell debris was separated from the pool components by membrane filtration, and the filtrate was freeze-dried overnight. This material was then dissolved in a small volume of water and the amino acids were separated by thin-layer chromatography on cellulose using butan-I-ol/acetic acid/water (4 : I : I, by vol.) and propan-2-ol/formic acid/water (20: I : I, by vol.). Krebs cycle intermediates were separated by thin-layer chromatography on cellulose using diethyl ether/formic acidlwater (7 : 2 : I , by vol.). Radioactive compounds were located using a radio thin-layer chromatograph scanner (Berthold-Friesecke, Wildbad, West Germany) or by autoradiography with medical X-ray f i l m (Kadak Regulix BB54).
Special chemicals.
Radioactive amino acids were from Amersham-Buchler, Braunschweig, West Germany. Unlabelled amino acids were purchased as chromatographically pure products from Fluka, Buchs, Switzerland. Antimycin A, oligomycin, carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and chloramphenicol were obtained from Boehringer. Nigericiii was kindly supplied by Dr E. Heinz. All other chemicals were analytical grade reagents.
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RESULTS A N D DISCUSSION

Time course of uptake of ~-[1~C]aspartic acid
After uptake of ~-[~~C]aspartic acid into S. hydrogenans (Fig. I, curve A) , a substantial portion of the label was incorporated in the trichloroacetic acid (TCA)-insoluble fraction ( Fig. I, curve B) . Uptake of label into the TCA-soluble pool ( Fig. I , curve C) was calculated from the difference between curves A and B. Since there is metabolism of the transported [14C]aspartate during incubation, the actual concentration of [l*C]aspartate in this pool is lower than reflected by curve C , as will be discussed later. The course of uptake was complex resulting in a biphasic curve. Even after 50 min, no steady-state distribution of free radioactivity was reached.
Similar complex uptake curves have been observed previously for the uptake of glutamate under similar experimental conditions by S. hydrogenans HR, the parent strain of RT used in this study (Gross & Ring, 1971) . The stimulation of the uptake of glutamate after approximately 20 min was interpreted as indicating that the uptake of glutamate was under positive control of an intracellular effector formed from L-glutamate. Accordingly, this phenomenon was termed feedback-stimulation or 'trans-stimulation ' . A number of other amino acids have been identified as precursors of stimulators. L-Aspartate is one of the most effective. Thus, the stimulation of L-aspartate uptake in the second phase of the experiment (Fig. I ) may be understood in terms of the trans-stimulation phenomenon.
Eflect of chloramphenicol on the uptake of ~-[l~C]aspartate
To minimize incorporation of label into protein during uptake experiments, inhibitors of either transcription or translation are frequently employed. Within the first minutes of uptake of [14C]aspartate into S. hydrogenans, the net uptake of label was slightly decreased in the presence of chloramphenicol (Fig. I , curve a) ; the decrease corresponded to the amount of label incorporated into protein in the inhibitor-free cells (curve B). However, as incubat ion continued, uptake progressively deviated from that expectation. Again, this finding is similar to that observed by Gross & Ring (1969) on the effect of chloramphenicol and actinomycin on the uptake of various amino acids into cells of the same species, and agrees with reports involving other species (Holden & Utech, 1967; Wiley & Matchett, 1968) . Inhibition of transport by such compounds is explained by assuming that ratelimiting transport proteins, probably the carrier molecules, have a high rate of turnover.
Thus, by inhibiting de novo protein synthesis, resynthesis is prevented and a progressive loss of transport capacity must be expected. Consequently, in the subsequent experiments these inhibitors were not employed unless otherwise stated.
Metabolism of L-aspartate
To study the metabolic fate of L-aspartate, cells were incubated for 5 min with [U-14C]aspartate under standard conditions in McIlvaine's buffer at pH 6.5 in the presence or absence of chloramphenicol ( IOO pg ml-l). On analysis of soluble material extracted from cells (see Methods), about 35 % of the intracellular free radioactivity was recovered as aspartic acid, 55 % was identified as glutamate, 3 % as alanine and about 3 % as serine.
Traces of Krebs cycle intermediates, mainly citrate, oxoglutarate, succinate and fumarate, were also detected. Chloramphenicol did not affect the distribution pattern of the intracellular free radioactivity.
In these experiments the average distribution ratio of label between cells and medium (Ru') was 180 ml g-I. If 80 % of the cell wet weight is water, the intracellular ,free aspartate is accumulated 16-fold over that in the external medium. This implies that the catalytic system for aspartate transport can mediate transport against a concentration gradient. Most of the aspartate, however, is metabolized to glutamate immediately on entry into the cells. Similar observations have been reported for a variant of E. coli K 1 2 (Kay, 
Efiect of metabolic inhibitors on initial transport rates
The effects of various types of metabolic inhibitors ( Table I) indicated that aspartate transport was dependent on the availability of a suitable energy source. Generally, agents which selectively block electron transfer in the respiratory chain, e.g. antimycin A, azide and cyanide, did not completely abolish the aspartate influx, even at high doses. Impairment of the oxidative phosphorylation by adding oligomycin also gave incomplete inhibition. However, rapid and almost complete inhibition of aspartate uptake was produced by proton-conducting agents, such as FCCP, DNP and nigericin. The inhibition by these compounds was not correlated with the decay of ATP (K. Ring, unpublished observations) suggesting that a proton gradient may be involved in the uptake and accumulation of aspartate. This would be consistent with recent reports on energy coupling of amino-acid transport in other bacteria (Harold & Altendorf, 1974; Hamilton, 1975) .
EBux of radioactivity from preloaded cells Cells preloaded for 30 min with [14C]aspartate lost radioactivity at a low constant rate when transferred to aspartate-free buffer (Fig. 2) . The loss of radioactivity was not accompanied by a corresponding increase in extracellular radioactivity. Although more than 60 % of the intracellular label was present in free aspartate when the efflux was started, almost no [14C]aspartate could be detected chromatographically in the incubation fluid even after 60 min. Presumably, most of the label was lost as 14C02. These findings confirm earlier observations that the cell membrane of this organism is impermeable to highly polar amino acids.
Addition of unlabelled aspartate to the incubation buffer did not accelerate loss of radioactive material, so aspartate is apparently unable to leave the cells via an exchange diffusion mechanism. This was supported by the observation that cells preloaded with aspartate in the absence and presence of chloramphenicol lost 14C-labelled material at similar rates (Fig. 2) . Since, as shown above, the system for aspartate uptake is sensitive to inhibitors of de novo protein synthesis, these results also argue against an involvement of the aspartate uptake system in aspartate efflux. Eflect of extracellular pH on initial uptake rates of [14CC]aspartate Two transport optima, depending on the incubation conditions, were observed ( Fig. 3) . At low external aspartate concentration, the uptake rate was maximum at pH 6.5 (a second, extremely small but significant peak was usually detected at pH 4.0). At high external aspartate concentration, the transport maximum was at pH 4-5. Thus two different catalytic sites are involved in aspartate uptake into S. hydrogenans RT.
Between pH 7-0 and 5.5, aspartate exists almost exclusively as monovalent anions. Thus, the peak observed at pH 6.5 may reflect the activity of a system that prefers the anionic form of aspartate. The neutral zwitterion of aspartate, on the other hand, might be the substrate of the second catalytic component operating at a low external pH. Support for the proposal that two different catalytic sites mediate aspartate uptake was provided by the marked inhibition of aspartate transport in the range of the first transport maximum when the ionic strength of the incubation medium was increased. At pH 6.5 the buffer solution contains large amounts of phosphate ions and, in particular, di-and trivalent citrate anions. The inhibition of aspartate uptake might be understood in terms of a competition between the amino acid and the divalent buffer components at the recognition site for the aspartate anion.
Kinetics of aspartate transport Initial rates of [14C]aspartate uptake were determined at various concentrations of aspartate in 50 mM-McIlvaine's buffer at pH 6.5 and 4.5. The results, when plotted as reciprocal uptake rates versus reciprocal external aspartate concentrations (Fig. 4) , indicated that at pH 6.5 two saturable catalytic components with widely different affinities for asparatate were operating. The following kinetic parameters were derived: Kml = 3-92 p~, pH 4.5, only a single, relatively low-affinity catalytic component with a Km value of I 10 ,UM and a Vmax of 2.86 pmol g-1 (2 min)-l was found (Fig. 4) . A second catalytic component operating at higher affinity was not detected.
At least two functional catalytic sites therefore mediate the transport of aspartate into S. hydrogenans RT at pH 6.5: a high-affinity system with low capacity (system I) and a lowaffinity system with high capacity (system 11). These results agree with observations on L-glutamate uptake by S. hydrogenans HR (Gross & Ring, 1971) . Moreover, in a variety of other micro-organisms multiple transport systems for acidic amino acids have been detected (Halpern & Even-Soshan, 1967; Reid et al., 1970; Gross & Ring, 1971; Hunter & Segel, 1971; Kay, 1971; Wolfinbarger et al., 1971; Yabu, 1971 ; Tang & Howard, 1973) .
The Km value of the catalytic component which operates at low pH is close to the Km value of system I1 at pH 6.5 and the two systems may be identical. Competition experiments, presented below, favour such an assumption. However this type of graphical analysis will not separate catalytic components unless their Km values are sufficiently different from each other (Gross et al., 1972) . Since the affinity of system I could be lowered as the extracellular pH is decreased, perhaps due to interactions between protons and the catalytic site itself, system I might still operate at low pH.
Substrate specijicity of L-aspartate transport
Initial rates of [14C]aspartate uptake were determined in the presence of various amino acids at pH 6.5. [14C]Aspartate was initially present in the incubation mixture at 1 2 p~, i.e. approximately three times the Km of system I and far below the Km of system 11. The concentrations of the amino acids tested were varied over a wide range up to 250 times the aspartate concentration. Uptake of [14C]aspartate was inhibited by L-aspartate and by L-glutamate to almost the same extent at all concentrations tested (Fig. 5) . The D-isomers of these amino acids, on the other hand, showed different effects. Even at low concentrations, D-aspartate significantly inhibited L-aspartate transport, whereas D-glutamate was ineffective, or nearly so, even at a high excess. Among the neutral amino acids, L-aminobutyric acid was a poor inhibitor. However, L-serine and L-asparagine showed considerable affinities for the transport sites for L-aspartate.
Although the rate of aspartate uptake was enhanced in the presence of small amounts of L-asparagine and analogous observations have been made with other micro-organisms (Kotyk, Ponec & Rihovh, 1971 )~ this phenomenon was not investigated further. The inhibitory properties of L-asparagine might be due to the high degree of polarity of the sidechain that enables this amino acid to interact with the presumably positively charged recognition site for the o-carboxylic group of the aspartate anion. This argument could be extended to the observed inhibition of aspartate uptake by methionine ( Table 2) amino acids which lack a polar end group were also able to inhibit L-aspartate uptake, although to a limited degree and at very high excess (Table 2) .
Further information on the specificities of the transport systems was obtained by comparing uptake at pH 4-0 and 6.5. The specificity of aspartate transport differed significantly at the two pH values (Fig. 6) . These studies were carried out simultaneously at pH 4-0 and 6.5 using cells from the same batch. In agreement with previous kinetic data (Fig. 4) , the affinity of aspartate for its transport catalyst was significantly lowered when the pH was shifted from 6.5 to 4.0. L-Glutamate, which at pH 6.5 had almost the same affinity for the aspartate site as aspartate itself, did not completely inhibit aspartate uptake at pH 4.0, even if added in large excess (Fig. 6 ) . L-Alanine, a poor inhibitor at pH 6.5, had a higher affinity for the transport catalyst at pH 4.0 than did aspartate itself. Nevertheless, L-alanine did not completely inhibit aspartate transport at pH 4.0 (Fig. 6) .
When the uptake of labelled L-glutamate was measured in the presence of unlabelled L-glutamate, L-aspartate or L-alanine, a similar pattern of specificity was obtained ( Fig. 7) as in the uptake of labelled aspartate.
Neither L-aspartate nor L-glutamate inhibited the uptake of [14CJalanine at pH 6.5, but at pH 4-0 they did so significantly (Fig. 8) . Thus, at high pH values, L-aspartate and L-glutamate probably share a common transport system which has only a low affinity for alanine. Conversely, L-aspartate and L-glutamate do not interact substantially with the transport catalyst for alanine. At low pH values, however, L-aspartate and L-glutamate are transported by a catalytic system which has high affinity for L-alanine thus suggesting that at this pH L-aspartate and L-glutamate are transported mainly as zwitterions. Nevertheless, since L-alanine failed to inhibit L-aspartate and L-glutamate uptake completely even when added in high excess, there may be an additional, specific system for L-aspartate and L-glutamate operative at pH 4.0 which might prefer the anionic form.
Uptake of [l*C]aspartate at various pH values in the presence of unlabelled L-aspartate, L-glutamate and L-alanine is summarized in Fig. 9 .
Acceleration of eflux of 2-amin0[r-~~C]isobutyric acid by extracellular L-aspartate and L-glutamate Carrier-mediated efflux of an intracellular amino acid can often be accelerated by adding external amino acids that share a common transport system with the amino acid inside the cells. This phenomenon provides an additional means of studying the specificity of a given transport system.
Since aspartate does not leave S. hydrogenans by exchange diffusion, the specificity of efflux was studied using 2-aminoisobutyric acid (AIB), which is transported in these cells by the uptake systems for short-chain neutral amino acids (Ring & Heinz, 1966; Rudorf, 315 Aspartat e uptake in Streptomyces hydrogenans 
1971).
Unlike glycine and alanine, it is not metabolized. Cells were preloaded with labelled AIB, and the efflux of radioactivity into AIB-free incubation medium was followed after adding either L-alanine, L-aspartate or L-glutamate. At pH 6.5 only L-alanine substantially stimulated AIB efflux. At pH 4-5, however, aspartate and glutamate also accelerated AIB efflux, but to a somewhat lesser extent than alanine (Fig. 10) . This finding provides further support for the assumption that at low pH values the acidic amino acids are mainly transported as zwitterions, sharing a transport system with neutral amino acids.
General conclusions
The uptake of L-aspartate into S. hydrogenans RT is mediated by multiple catalytic systems exhibiting different substrate specificities. At pH 6.5, L-aspartate and L-glutamate are transported by a high-affinity system (system I) which has no substantial affinity for neutral amino acids: the catalytic site probably interacts with the anionic form of the acidic amino acids. At high substrate concentrations a second catalytic component (system 11) for aspartate and glutamate transport becomes operative, which has a low affinity for the acidic amino acids. System I1 has an appreciable affinity for neutral amino acids such as alanine. Whether it is identical with one of the catalytic components for neutral aminoacid transport, or whether it is equivalent to the 'general permease' detected in various other micro-organisms (Oxender, 1972) is not yet clear. At lower pH, the activity of the highaffinity system is drastically decreased and it may not operate at all. Instead a catalytic component predominates which interacts both with the acidic amino acids and with neutral amino acids. This site is possibly identical with system I1 and its preferred substrates will be the neutral zwitterions of aspartate and glutamate. Despite the catalytic site having a significantly higher affinity for neutral amino acids than for acidic amino acids, neutral amino acids are unable to inhibit completely the uptake of L-aspartate and L-glutamate which suggests that system I has a residual activity at low pH. This paper is dedicated to Prof. Dr E. Heinz on the occasion of his 65th birthday.
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